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INTRODUCTION
Surface modification of insulating materials can often be accomplished by ion beam implantation and the resulting changes are of interest both for purely academic studies of ion beam interactions and imperfections and for studies of potential device applications. l3 Although the literature for ion implanted insulators is not as extensive as for semiconductors and metals, there are, nevertheless, applications as diverse as the fabrication of optical waveguides and waveguide lasers:4*5 definition of optical and electrical pathways on insulating surfaces; production of glass layers with optical nonlinearitie8 and large values of xC3); and control of antireflective layers7 and blue biased rearview car mirrors.' Several of these examples require a controlled production of metallic colloids buried in the surface layer of glass. The present work is part of an attempt to gain control over the size and depth distribution of such metal colloids.
Ion implantation of metal ions into insulating materials such as glass, quartz, or LiNbOs results in metallic colloid formation from the implanted impurity ions. Examples include Ag, Au, and Cu implants.g-'3 Other types of damage generation using ionizing radiation or thermal diffusion can similarly introduce high defect densities and subsequent colloid precipitation of metallic lattice ions as, for example, in CaFz (Ref. 14) or Also3 [Ref. 15) . Since ion implantation results in both impurity additions and extensive radiation damage, the implants may produce a mixture of colloids comprised of more than one type of metal. Indeed, recent electron microscopy data have revealed separate regions of impurity and intrinsic colloids following Ag implant in glass. 16 Excess silver introduced into glass, either by thermal or ion implantation routes, can lead to colloid production. Optical studies of silver implanted glasses11"2 demonstrate the presence of silver colloids. These colloids have a distribution that varies in size and density with their depth in the substrate. The distributions are highly sensitive to implantation conditions and can be modified by thermal treatments. Figure 1 shows the evolution of reflectance with dose of a typical silver implant into float glass of the type used in the current annealing experiments. Whereas the inclusion of uniformly sized metal as a clearly resolved absorption or reflectance band,r4 the implanted colloids display a broad blue band. The TEM data provide details of typical colloid size variations with implant depth in which the layer of largest colloids are almost touching one another. The complexity of depth distribution results in dose dependent changes in the reflectivity data, including evidence of shoulders on the main peak and also differences between reflectivity monitored from the implanted and the reverse faces." These features are a result of reflection from different layers of silver colloids of predominantly different sizes combined with optical absorption within each layer.
Three thermal treatments, involving processing time scales that differ by several orders of magnitude, have been included in the present work. They are furnace, rapid thermal annealing, and laser pulse annealing. The last technique has the advantage of driving the surface to high temperature while the bulk and substrate regions remain virtually unheated; in addition, it minimizes the role of diffusion controlled processes when short (ns) pulses are used. While laser irradiation has been widely and successfully used to anneal ion implanted semiconductors and metals 17-20 literature on an insulator is very restrictedzl , and has been mainly concerned with laser damage studiesZ2 However, a recent example23 includes the treatment of ion implanted K in MgO.
EXPERIMENTAL DETAILS
The samples used for the annealing studies were standard float glass [from the Societa Italiana Vetro (SJV)] into which silver ions were implanted at 60 keV to a dose of 4x lOi6 ions/cm* at room temperature. A large single sample (10x 10 cm) was cut into smaller pieces for the laser and the rapid thermal annealing experiments and another sample of similarly the same implant conditions was used for the furnace annealing.' The latter sample had a slightly lower initial reflectance. For the thermal treatments the large sample was cut into pieces of 2x2 cm, whereas for the laser studies, different sections of a large piece were separately illuminated.
Thermal treatments were made by three distinct approaches. One was the conventional furnace anneal in which the samples were ramped up to temperature over a scan number LlG. 1. An example of the reflectivity changes with ion dose during Ag ion implants of float glass. The grid units correspond to dose increments of 0.53X lOI ions/cm*.
period of a few minutes and held at fixed temperature for 10 min. The cooling period ranged from 1 to 5 mm, depending on the maximum temperature. Rapid thermal an-' nealing used a propane flame to heat the glass surface. This approach produced a rapid temperature rise and total heating times were from 10 to 45 s. The surface temperature of the glass during flame treatment was measured to be near 700 "C!. Cooling was more rapid than in a furnace as the bulk temperature was low and was measured to be less than 200 "C. The third approach was to use excimer laser pulses that heated the colloid rich surface layer of the sample within 12 ns. An ArF (193 nm) excimer laser was partially focused on the sample to yield an energy density of 85 mJ/cm". Several pulses, up to a maximum of 500, were accumulated in the various areas of the specimen at a repetition rate of 10 Hz.
Optical reflectivity data were recorded with Monolight optical systems, either in situ during the implantation, as in Fig. 1 , or after subsequent annealing. The in situ arrangement gave slightly less accurate reflectivity values.
Depth analysis of the silver was made using Rutherford backscattering spectrometry (RBS) with He ions at 1.8 MeV.
RESULTS AND DISCUSSION
The three approaches gave very different results, as assessed by the optical reflectivity, and the data are compared in Fig. 2 . No transmission electron microscopy data are available for this set of experiments, but the RBS data show that the higher temperature furnace treatments led to a loss of silver. There is a marked decrease in the amount of silver retained (about 30%) after heating above 350 "C (lower temperature data are not shown). This is followed by a slight loss at each subsequent stage up to 650 "C and, finally, a substantial fall after the 700 "C treatment. There was no obvious silver m-diffusion determined by the RBS depth profile although the FWHM tinally reduced it by 30%. When comparing the reflectivity of the as-implanted sample to that obtained after furnace annealing, it can be observed in the upper part of Fig. 2 the 420 nm. This is consistent with the breakup of large colloids into smaller units according to standard colloid absorption band models. The optical signal is a function of colloid concentration times its volume, thus a change from large to small units gives an increase in total colloid concentration. This produces an increase in the shorter wavelength reflectivity band as seen in the figure. The increase in the blue response, due to breakup of large colloids into smaller units, is offset by increased silver loss after 700 "C heating.
The rapid thermal annealing produced by a gas flame leads to negligible silver loss. As demonstrated by the middle set of optical data in Fig. 2 , there is some similarity with the furnace treatment. The reflectivity peak rises rapgests that the silver has been atomically incorporated idly and moves from near 500 nm towards 450 nm. Negwithin the glass structure. The data are interesting for poligible loss of silver is recorded by RBS even after the tential applications such as optical nonlinearity or conlongest flame treatment. More extended flame treatment trolled reflectivity since optical properties depend on the caused the surface to melt. colloid structures. The laser pulse annealing follows the same pattern as the low temperature furnace or flame annealing in terms of RBS data, in that there is no evidence of silver loss, nor, in this case, loss by diffusion (i.e., RBS only indicated silver loss or migration for furnace annealing above 350 "C) . The RBS data indicate that the projected ion range and the mean depth remain near 20 and 25 nm, respectively. Optically, the laser anneal data of Fig. 2 show no significant shift in the peak wavelength as would be expected for conversion from large to small colloids. Instead, the intensity of the broad band observed in the as-implanted samples simply decreases with the number of laser pulses. There are a number of possibilities of why this may happen. For example, the silver may be converted into isolated atomic silver that is bonded into the lattice of the glass by restructuring of the glass network. A less dramatic possibility is that the large colloids may separate into such small units that they no longer interact as colloids. It should be noted that even at long wavelengths the overall reflectivity is higher than that of the original silicate glass. This is expected of a new, higher density, glass layer that includes ions ( Ag) of high polarizability. Hence the reflectivity data suggest that all the large silver colloids are dispersed into such small units that colloid type reflection is no longer appropriate.
